ABSTRACT
96
In this paper we explore whether rapid motor responses are altered to account for spatial 97 constraints associated with the size of the end goal and the presence of obstacles in the 98 environment, similar to voluntary motor control. We developed an optimal control model to 99 characterize how these factors may influence motor patterns and found that subjects generated 
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For each muscle, perturbation direction and target condition, we quantified learning in the 153 long latency epoch over the course of the perturbed trials. This was achieved by taking the mean 154 long-latency response of the early (mean of first three) and late (mean of last three) perturbed 155 trials for each subject and performing a paired t-test between these two values.
156
In order to rule out any stimulus-specific learning in the previous blocked paradigm, a 157 random trial-by-trial variation of the task was performed. Thus, in addition to the experiment 158 described above, additional subjects (n=8) performed the same task in a randomized fashion as 159 opposed to the blocked structure described above. In other words, subjects were presented with 160 either the bar or dot randomly on each trial. Similar to above they performed 15 repeats of each 161 perturbation condition. (Fig. 1B) . Importantly, the obstacles were positioned so they did not obstruct the 171 unperturbed reaching trajectories of Experiment 1. Collision with an obstacle resulted in haptic 172 feedback such that a repulsive force was generated which impeded hand movement. On total for each condition). Subjects were given a few practice trials prior to data collection to 179 become generally familiar with the task, the loads and the properties of the virtual obstacles (~5 180 perturbed trials). A second variant of this task was also performed in which the subjects reached 181 to the circular dot rather than the bar. We also quantified learning in the long latency epoch in a 182 similar fashion to experiment 1. As well, 8 subjects performed this task where trials with or 183 without obstacles were randomly interleaved.
185
Experiment 3: Influence of tonic muscle activity on feedback corrections 186 We noted that some changes in background muscle activity between obstacle conditions 187 (See Results). Thus, the purpose of this experiment was to examine the effects of changes in 188 tonic muscle activity upon rapid motor corrections during reaching. Directly controlling for 189 changes in co-contraction is difficult, thus we artificially induced increases in muscular activity were randomized with 210 non-perturbed trials, for a total of 300 trials. 
227
Under these assumptions, the feedback signal at each time step can be written as:
or equivalently: 
The sequence of Kalman gains, K i , must be computed.
242
The motor noise affected the force production only and was composed of two terms: an 
275
Since the plant dynamics is linear and the cost function is quadratic, the optimal feedback 276 control policy turns out to be a linear function of the estimated state:
where L k are the optimal feedback gains. These hypotheses are a simplification of the motor 279 system but the resulting control algorithm presents the advantage to express the control variable
280
as an explicit function of the estimated state. In more general settings (including nonlinear 281 dynamics and arbitrary cost functions), the optimal control policy is also a function of the system 282 state but it is practically impossible to compute due to the computational complexity that grows 
308
We used subject means and performed paired t-tests to determine significant differences The optimal control model predicted that the pattern of hand trajectories would be 339 different whether the target was circular or a long horizontal. Specifically, the endpoint 340 distribution when reaching to a bar is much broader than when reaching to a circular target (Fig. 1C ). This difference in end-point distributions is a consequence of the task-specific cost-function 342 that leaves the dimension orthogonal to the reach path not penalized when reaching to a bar. The 343 greater variability in the control variable associated with reaching to a circular target shows that 344 the deviations along the orthogonal axis are taken into account and corrected by the controller.
345
Qualitatively similar results were observed for human subjects for these unperturbed 346 reaching trials. Unperturbed reaches to the circular dot were relatively straight with bell shaped 347 velocity profiles (Fig. 1A) . Although subjects could reach anywhere along the horizontal bar, 348 they chose reaching movements straight ahead to the goal (Fig. 1A) . Accordingly, initial hand (end point SD=0.4cm, t 9 =4.88, p=0.008).
352 Figure 1D highlights the response generated by the optimal control model to this path, delaying the response would result in an expensive need for higher motor commands that is 360 sub-optimal ( Fig. 1F-H) . The best strategy is to compensate for changes in external forces while 361 taking target shape into account as early as possible.
In human subjects, the limb was unexpectedly perturbed by either flexor or extensor 363 torques in 20% of trials, which displaced the hand to the left or right, respectively. conditions (p<0.001).
372
The perturbation-related muscle activity was quantified for each subject by taking the and pectoralis major (PM) for the dot and bar following extensor torques for an exemplar subject
376
( Fig. 3A) and for the group (Fig. 3B ). The R2, R3 and Vol epochs were all elevated from baseline 377 and exhibited greater modulation for the dot as compared to the bar for both PM (Fig 3C; 
387
We found essentially the same results when flexor torques displaced the hand leftward 388 during reaching (Fig. 4) observed for each target condition (t 9 =9.48, p<0.001).
395
Perturbation-related EMG activity for the deltoid posterior (DP) and triceps lateral (Tlat) 396 muscles was clearly observed for these imposed flexor torques (Fig. 5) . The R2, R3 and Vol 397 epochs were elevated from baseline and exhibited greater activity for the circular dot as 398 compared to the rectangular bar for both Tlat (R2: t 9 =2.83, p=0.018; R3: t 9 =2.29, p=0.045; Vol: 399 t 9 =2.30, p=0.044) and DP (R2: t 9 =2.21, p=0.047; R3: t 9 =2.29, p= 0.045; Vol: t 9 =3.03, p=0.013).
400
Again, the R1 epoch of time was not significantly elevated from baseline nor did it exhibit any 401 target-related differences in either muscle (Tlat: t 9 =-0.290, p=0.778; DP: t 9 =1.14, p=0.282).
402
Similar to the rightward perturbation we observed no learning effects in the long latency epoch with bell-shaped velocity profiles (Fig. 1B) . Similar hand paths were observed when obstacles
428
were present in the environment, although the variability of hand paths was less with obstacles
429
(end point SD = 1.06cm) than without obstacles (end point SD = 3.90cm; t 9 = 5.72, p<0.013). A similar difference in end point positions was observed for movements with and without obstacles 431 for the optimal control model (Fig. 1C) . any deviation towards them ( Fig. 1E and H) . (Fig. 6A and C) . ROC analysis revealed differences in tangential velocities at 135ms between conditions (Fig. 6B) . Significantly different terminal hand positions were observed 453 between conditions (t 9 =9.80, p<0.001).
454
Extensor torques produced a rapid EMG response in brachioradialis (Br) and pectoralis 455 major (PM) as shown for an exemplar subject (Fig. 7A ) and the group (Fig. 7B) . Larger 456 perturbation responses were observed when the subjects reached with obstacles present as 457 compared to when obstacles were absent in the environment (Fig. 7C) bell-shaped velocity profiles (Fig. 8A) . Similar hand paths and velocity profiles were observed 502 regardless of the increase in tonic muscle activity (Fig. 8A) .
503
Subjects countered perturbations by making corrective movements towards the end goal 504 (Fig. 8B) . We subtracted the mean of the unperturbed reaching trajectories from that of the mean 505 perturbed trials, effectively removing any increases in tonic muscle activity and isolating the 506 evoked responses (Fig. 8D ). For Br, there was an increase in the R1 epoch for when a 507 background load was applied, whereas there was no change in activity during the R2 and R3 (Fig. 8E) .
511
Essentially the same results were observed for extensor muscles when background loads 512 were applied prior to the flexor torques. Perturbation-related activity in the R1, R2, and R3 approached the natural variability observed during unperturbed trials (Crevecoeur et al. 2012 ).
552
Although not tested here, we believe that the feedback responses based on target shape and the 553 presence/absence of obstacles are also present during unperturbed reaching. This is supported by 554 our observations that endpoint errors were greater for the bar versus the dot during unperturbed 555 trials.
556
There was a very small but measureable increase in baseline muscle activity when 557 obstacles were present as compared to when they were not present. This suggests that there was 
570
We failed to observe a significant R1 response and consequently found no effect of goal 571 shape or the presence of obstacles on the R1 response. Admittedly, we specifically designed the 572 task (and load magnitudes) to observe motor responses in which the subjects could correct and 573 attain the behavioural goal. Under these conditions, the R1 response was quite small. Beyond 
